INTRODUCTION
Coccolithophores (marine calcareous haptophyte algae) play an important role in the global carbon cycle as primary producers and marine calcifiers. Recent concerns about climate change and the effects of rising ocean temperatures and lowering ocean pH (ocean acidification) on marine productivity and calcification (e.g. Feely et al. 2004 , Orr et al. 2005 , Rost et al. 2008 have triggered an urgent and renewed interest in coccolithophore ecology and physiology (e.g. Poulton et al. 2007 , Cook et al. 2011 . It is currently not known to what extent natural coccolithophore populations will be able to adapt to ABSTRACT: Two distinct morphotypes of the coccolithophore Emiliania huxleyi were observed as part of the phytoplankton succession offshore of Namibia, where coastal upwelling created strong gradients in sea surface temperature (SST), salinity, and nutrient conditions. The sampled surface waters hosted a characteristic succession of phytoplankton communities: diatoms bloomed in newly upwelled waters above the shelf, whereas dense coccolithophore communities dominated by E. huxleyi were found farther offshore, in progressively aging upwelled waters. A substantially calcified E. huxleyi morphotype (labeled Type A*) dominated plankton assemblages at stations influenced by upwelling, that immediately succeeded coastal diatom blooms. This morphotype caused a chlorophyll and 19'-hexanoyloxyfucoxanthin (19'-HF) maximum with >1 × 10 6 cells l −1
, straddling a pycnocline at 17 m depth where the in situ N:P ratio was ≈13. Farther offshore, within < 20 nautical miles distance, populations of Type A* drastically declined, and a more delicate morphotype with thin distal shield elements and open central area (Type B/C) was found. This morphotype was most abundant (~0.2 × 10 6 cells l −1
) in high-phosphate, nitrogen-depleted surface waters (N:P ≈ 8), where it co-existed with other coccolithophores, most notably Syracosphaera spp. Extensive surface blooms of coccolithophores observed by satellites in the same region in the past were identified by microscopy as being produced by E. huxleyi and S. pulchra. However, blooms of E. huxleyi at greater depths in the euphotic zone, such as those observed in this study, will go undetected by satellites and thus underestimate coccolithophore biomass and calcification within upwelling regions.
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Resale or republication not permitted without written consent of the publisher projected changes in their environment, but observations over the past decades seem to suggest geographical shifts in coccolithophore occurrences and species composition (e.g. Smyth et al. 2004 , Cubillos et al. 2007 . Environmental controls on coccolithophore physiology and coccolith calcification have been tested in numerous experimental studies that primarily used monoclonal cultures of the species Emiliania huxleyi (see reviews by Paasche 2001 , Zondervan 2007 . However, the extrapolation of laboratory-based results to the scales and dynamics of the real ocean remains speculative (Langer et al. 2009 ). Another approach is to investigate environmental controls on natural populations in areas that have sharp physical and chemical gradients.
Emiliania huxleyi (Lohmann) Hay and Mohler is considered the most successful coccolithophore in today's pelagic and neritic waters, ranging from polar to tropical latitudes (Brand 1994 , Cubillos et al. 2007 ). This species evolved ~268 000 years ago and has been globally dominant since ~78 000 years ago (Thierstein et al. 1977) . The extensive genetic diversity of this taxon probably allows it to rapidly respond and adapt to environmental changes by the migration of genetically distinct populations with different environmental tolerances, and as such maintain blooms on a 'cosmopolitan' scale (Medlin et al. 1996 , IglesiasRodríguez et al. 2006 , Cook et al. 2011 ). E. huxleyi also exhibits significant morphological diversity, in terms of coccolith shape, size, and degree of calcification. To date, 5 different morphotypes are known to remain stable in culture (Type A, B, B/C, C, and R; Young et al. 2003 ) of which at least 3 have shown to be genetically distinct (Schroeder et al. 2005 , Cook et al. 2011 . Different E. huxleyi morphotypes have been reported in environmentally diverse regions and/or seasons within surface waters of the North Atlantic Ocean (e.g. McIntyre & Bé 1967 , van Bleijswijk et al. 1991 , Beaufort & Heussner 2001 , Southern Ocean (Findlay & Giraudeau 2000 , Cubillos et al. 2007 , Cook et al. 2011 , and Pacific Ocean (Okada & Honjo 1973 , Winter 1985 , Hagino et al. 2005 , Beaufort et al. 2008 . Hence, it is important to differentiate between morphotypes or ecotypes in natural samples in order to better understand the genetic diversity and ecophysiological plasticity of E. huxleyi. Mitchell-Innes & Winter (1987) were the first to report on large populations of Emiliania huxleyi that dominated mature upwelling waters offshore of South Africa, but these authors made no distinction be tween morphotypes. The present study reports on the occurrences and inferred environmental preferences of 2 E. huxleyi morphotypes (Type A* and Type B/C) in water-column samples separated by only ~20 nautical miles (< 40 km) collected in October 2000, during an upwelling season offshore of Namibia, SW Africa. This upwelling region is characterized by large gradients in sea surface temperature (SST), nutrient availability, and CO 2 concentrations within a relatively small geographic area.
Surface waters off Namibia are part of a major wind-driven eastern boundary upwelling system (the Benguela system) and encompass a wide range of different oceanographic regimes. Seasonal coastal upwelling introduces cold, nutrient-rich waters that are essential in sustaining high primary productivity and large fish stocks in this region (e.g. Clark 2006 ). North of 25°S, upwelling mainly occurs from March to November (Shannon 1985) . During periods of active upwelling, a hydrographic front separates cool, recently upwelled waters closest to shore from waters that represent a mixture of upwelled and oceanic waters above the outer shelf: the 'mixed' or intermediate domain (Hagen et al. 1981 , Giraudeau & Bailey 1995 . The cold northward Benguela current follows the direction of the south-east trade winds (SET), driven by the air-pressure gradient between the South Atlantic Anticyclone and the Kalahari Low (for further details see Feistel et al. 2003) . Above the continental slope, warmer oceanic waters prevail that are associated with the South Atlantic subtropical gyre. Upwelling conditions vary considerably from year to year (Hagen et al. 2001) , but the year 2000 was considered particularly intense (Emeis et al. 2007 ).
MATERIALS AND METHODS
Phytoplankton and hydrographic samples were collected from 13 to 30 October 2000 during RV 'Meteor' cruise 48, Leg 5. A sampling campaign was carried out on 5 transects perpendicular to the Namibian coast and 1 transect parallel to the coast following the 200 m isobath to sample contrasting environments from recently upwelled to oceanic waters (Alheit 2000) . Additional details are available from the preliminary report of the workshop held at Swakopmund, Namibia, immediately after the cruise (Hansen & Klingelhoeffer 2000) . Here, we investigated a subset of 33 samples, from 20 stations along 2 transects at about 21° S (Transect 3; sampled on 21 October) and 25°S (Transect 5; sampled on 27 October), plus 5 additional stations between 22 and 23°S ( Fig. 1) . Stations along Transects 3 and 5 are about 10 nautical miles apart (~18.5 km). In situ tempera-ture, salinity, oxygen, and chlorophyll a (chl a) were determined by CTD casts. Water samples were taken from CTD bottles for the analysis of coccolithophores, in situ nutrient concentrations, and bio-optical characteristics. Inorganic nutrient concentrations (phosphate, nitrite, nitrate, ammonium, and silicate) were measured with standard colori metric manual methods (Rohde & Nehring 1979 , Grasshoff et al. 1983 . The fixed-inorganic-nitrogen deficit was calculated from in situ nutrient concentrations, using the equation N-deficit = (Kuypers et al. 2005 ). Analysis of pigments followed the reverse phase liquid chromatography procedure described by Barlow et al. (1997) . Pigments were detected at 440 and 665 nm and identified by retention time and on-line diode array spectra. Barlow et al. (2006) provided further details concerning all pigment data acquired during this cruise. In the present study, we focused on in situ concentrations of 19'-hexanoyloxyfucoxanthin (19'-HF), a mar ker pigment for openocean prymnesiophytes including the coccolithophore Emiliania huxleyi (Jeffrey & Vesk 1997 , Barlow et al. 2004 , Van Lenning et al. 2004 , Cook et al. 2011 .
Coccolithophore water samples (500 to 1000 ml of seawater) were filtered onto 0.45 µm pore size Millipore™ filters using low-pressure vacuum. Filters were air-dried, and then small sections were mounted on an aluminum stub and coated with Au/Pd prior to scanning electron microscopy (SEM) analysis (Philips XL-30-SEM).
Coccolithophore cell abundance (no. cells l −1 seawater) and corresponding 95% confidence intervals were estimated following the recommendations of Bollmann et al. (2002) . Cell counts were performed on 300 to 600 fields of view (FOV) at 1200× magnification along random trajectories. This corresponds to a filter area of 2.2 to 4.2 mm 2 and 5.7 to 11.5 ml of seawater analyzed per sample. Analysis of cell counts at regular intervals (50 FOV increments) revealed that coccolithophores were evenly distributed on the filters, with stable total cell estimates after a total of 4 ml seawater was analyzed. Most coccospheres in our counts were determined to the species level, although a few taxa could only be identified to genus.
Detailed morphometric analysis of Emiliania huxleyi populations was performed on 14 key samples. For each sample, at least 50 individual E. huxleyi coccospheres were randomly selected and photographed digitally at a calibrated magnification of 8000×. Bio metric measurements of coccosphere diameter and coccolith size (distal shield length, DSL, in µm) mea sured on at least 2 coccoliths per sphere) were performed using ImageJ software. At the given settings, the image pixel resolution equaled 0.021 µm. The size data were grouped by morphotype, as determined by the morphological characteristics of the distal shield elements and central area structure. In order to identify any relationship of environmental variability to coccolithophore morphology, size, abun dance, and the distributions of these, we performed principal component analysis (PCA; Varimax rotation) and analysis of variance (ANOVA) using SYSTAT 13 and Microsoft Excel software.
RESULTS

Phytoplankton succession
The CTD seawater temperature and nutrient profiles demonstrate that coastal upwelling was active at the time of sampling (Fig. 2) . As expected, coolest, nutrient-rich surface waters were found closest to shore above the shelf, while near-vertical isotherms are indicative of strong thermal fronts between the coast and stations farther offshore along Transects 3 and 5 (Fig. 2a,b) . Major nutrient concentrations ranged from 0.5 to 2.5 µM for phosphate (Fig. 2c,d ), and 0 to 30 µM for nitrate (Fig. 2e,f) . CTD profiles of turbidity and chlorophyll fluorescence also revealed that the highest phytoplankton biomass was concentrated between the surface and ~60 m water depth, closely associated with the local density profiles and depth of pycnoclines (Fig. 3a) . Diatom blooms typically populated the nearshore stations (Figs. 1 & 3b) , with cell densities up tõ 75 000 cells l −1 at Transect 3, and roughly (1 to 5) × 10 6 cells l −1 at Transect 5 (M. Elbrächter unpubl.). Farther offshore, total coccolithophore standing stocks varied between 0 and >1 × 10 6 cells l −1 (Table 1) . Emiliania huxleyi dominated most coccolithophore assemblages, which is corroborated by in situ concentrations of the 19'-HF pigment (Fig. 4a ). The highest cell concentrations were found at stations with no or little in situ nitrogen deficiency (Fig. 4b) .
Two different morphotypes of Emiliania huxleyi occurred within 20 nautical miles (37 km) of each other (Figs. 1 & 4c, Table 2 ). A heavily calcified E. huxleyi with short, I-shaped distal shield elements and heavily calcified inner tube elements that extend irregularly into the central area ( Fig. 5a ) dominated phytoplankton assemblages above the outer shelf and slope. The observed morphological features are highly consistent within and between the sampled populations. This morphotype could be a variant of E. huxleyi Type A (cf. Young et al. 2003) , which is known to exhibit variation in morphology of the central tube and a range of degree of calcification and malformation or secondary dissolution (e.g. Young 1994 , Yang et al. 2004 . Unfortunately, no cells were isolated and kept in culture, so we were not able to test the phenotypic stability of this form nor its ) caused a distinct chlorophyll maximum at 17 m water depth, near a well-developed pycnocline along Transect 5 (Stn 579; Fig.  3 ), where PO 4 concentrations (1 to 1.25 µM; Fig. 2d ) and NO 3 levels (10 to 12.5 µM; Fig. 2f ) were moderate and the N:P ratio ≈ 13. Type A* populations with cell densities up to 0.5 million cells l −1 were also found near a deeper pycnocline at 50 m water depth, at similar nutrient concentrations and N:P ratios (13 to 14). Farther offshore, the larger but less calcified . Type B/C was the dominant morphotype (> 90%) at offshore Stns 536 and 535 along Transect 3, where PO 4 concentrations were relatively higher (1.25 to 1.5 µM; Fig. 2c ) but NO 3 levels were lower (7.5 to 10 µM; Fig. 2e ), with N:P ratios ≈ 8.
Emiliania huxleyi biometry
Mean coccosphere diameter ranged between 4.4 and 6.3 µm for Type A*, and between 5.5 and 6.6 µm for Type B/C, in populations at different stations and sampling depths. Mean coccolith size varied between 2.6 and 3.1 µm (Type A*) and 3.2 and 3.4 µm (Type B/C). Total size ranges revealed significant overlap between both morphotypes (Fig. 6a,b) . Coccosphere diameter and coccolith size correlated linearly, although the slope of this regression varied between populations (Fig. 7) . The largest coccospheres and coccoliths of Type A* were sampled at the deep chlorophyll maximum, while populations at the surface and 50 m water depth were characterized by significantly smaller sphere diameters and lith sizes at both transects (ANOVA, p << 0.001). Populations of 250 000 to 500 000 cells l −1 along Transect 3 had the smallest Type A* coccospheres and coccoliths, consistently showing signs of 'collapsed' (cf. Young 1994) distal shield elements and etched central tubes, despite distinct overcalcification of the central area (Fig. 5c) . Variation in coccolith size of the (Table 1) .
Other coccolithophore species
Coccolithophore species diversity increased offshore and included Gephyrocapsa oceanica, G. muellerae, and G. ericsonii (the latter 2 were rare and are grouped as Gephyrocapsa spp. in Table 1 ). G. oceanica ranged from a few hundred to > 27 000 cells l −1 and was present both at the surface and 50 m depth. However, many of the G. oceanica coccospheres showed signs of secondary corrosion with etched central tube elements (Fig. 5d) . Coccolithus braa rudii was observed in late-stage up welling waters along Transect 5 (1000 to 2800 cells l −1 ) at the surface and 50 m water depth. This species showed no signs of secondary corrosion and/or malformation in any of the samples (Fig. 5e) . It was the only coccolithophore species present at Stn 583, where it co-existed with diatoms and zooplankton (copepod nauplia; Fig. 4a ). Syracosphaera spp. (mostly S. mo li schii, Fig. 5f ; but also including S. epigrosa and S. pul chra) were the second largest contributors to the assemblage at Stns 535 and 536 (Transect 3) where their cell abundances reached > 90 000 cells l −1 .
Multivariate statistical analysis
Principal component analysis of environmental para meters obtained from a total of 33 samples revealed distinct regional gradients in physical ocean properties, related to coastal upwelling and nutrient balance. In this statistical analysis, we excluded all derived environmental variables, such as N:P or N-deficit, as well as (indirect) measures of biomass, such as turbidity, oxygen, and chl a concentrations. The first would introduce redundant variables, whereas we wan ted to test how various biomass-related variables correlate to physical ocean properties. Measurements of NH 4 , which showed negative correlations with N-deficit (r = −0.60, p = 0.003) and phosphate concentrations (r = −0.53, p = 0.009), were excluded because of missing values at 10 out of 33 stations.
Two principal components (PCs) explained about 73% of total variance in environmental parameters (Table 3 ). The first principal component (PC1) exhibited positive loadings on seawater density and nitrate concentrations, and negative loadings on temperature and salinity, explaining ~48% of total variance. Sample scores on PC1 were strongly correlated with longitude (r = 0.87, p << 0.001), and thus distance from shore. We interpret PC1 to represent the gradient between coastal upwelling of cool, dense waters closest to shore and warmer oceanic waters farther offshore.
The second principal component (PC2) had a strong positive loading on phosphate concentrations, explaining another ~25% of the total variance. At increased PO 4 levels, the balance of major nutrient showed trends towards nitrogen-limiting conditions. Indeed, sample scores on PC2 held the strongest correlation with the calculated N-deficit (r = 0.71, p = 0), and were inversely correlated to turbidity (r = −0.54, p = 0.001) and oxygen concentrations (r = −0.53, p = 0.002). Chl a concentrations also showed an inverse relationship with PC2, but this was not significant at p < 0.05 (r = −0.32, p = 0.067). In general, seawater turbidity was highest at stations influenced by upwelling and where in situ nutrients were highest and closest to the Redfield ratio (N:P = 16), and lowest under increased nitrogen deficiency. Local maxima in turbidity corresponded to blooms of either cocco lithophores or diatoms. Turbidity and coccolitho phore standing stocks were lowest along the northern Transect 3, at 50 m water depth, where the largest N-deficit was recorded. PC2 is therefore interpreted in terms of nutrient concentrations and its relation to phy to plankton biomass. Positive scores on PC2 re flect increased fixed-nitrogen depletion, whilst negative scores im ply a higher nutrient levels and a nutrient balance closer to the Redfield ratio. Fig. 8 depicts groupings of the investigated samples in relation to PC1 and PC2. Transect 5 covered the widest range of conditions along PC1, from intense coastal upwelling to oceanic settings, with relatively well-balanced in situ nutrients. Transect 3 covered a larger gradient in nutrient conditions and included samples with high N-deficit.
DISCUSSION
Phytoplankton succession and Emiliania huxleyi morphotypes
This study documents the dynamic phytoplankton successions that took place within the time span of a few days during active coastal upwelling offshore Namibia in October 2000 (Fig. 3b) . High frequency variations in phytoplankton species composition and biomass are typical of upwelling areas (e.g. Pitcher et al. 1991 , Aguilera et al. 2009 ). The highest biomass of diatoms that we found occurred closest to shore in recently upwelled waters. Blooms of the coccolithophore Emiliania huxleyi prevailed in mature upwelled waters, while farther offshore in oceanic surface waters, biomass decreased and coccolithophore di versity increased. Both studied transects revealed similar phytoplankton successions, but the southern Transect 5 recorded higher biomass and N:P ratios, confirming ship-board measurements that this was a region of more intense upwelling.
Emiliania huxleyi was the most abundant coccolithophore in nearly all of our counts. Previous work in the region had also reported on extensive blooms of this species (e.g. Mitchell-Innes & Winter 1987 , Siegel et al. 2007 ). Here, we document for the first time the occurrence of 2 distinct E. huxleyi morphotypes within this succession of phytoplankton 'booms' and 'busts. ' The more heavily calcified Type A* was the first to succeed coastal diatom blooms at both investigated transects. Type A* bloomed both at the surface and at deeper levels of the euphotic zone, causing a distinct chlorophyll maximum at ~17 m (sampled at Stn 579, Transect 5; Figs. 3 & 4a) , where it also produced the largest coccoliths and coccospheres (double layers of coccoliths). Compared to the chlorophyll maximum station, Type A* coccospheres were significantly smaller in populations encountered at the surface and 50 m water depth, but still prevailed at cell densities of 350 000 to 620 000 cells l (Siegel et al. 2007 ). These authors described Emiliania huxleyi 'Type C' with a coccolith size of 'approximately 3.3 µm' that is similar to the dimensions we report here for Type B/C. It is possible that their samples were misidentified (we cannot tell because the SEM images in their Fig. 5 are of low resolution and without scale bars) or that the 2003 upwelling regime was different, as each upwelling regime has its own particular physical and chemical oceanographic characteristics. SeaWIFS satellite images (Siegel et al. 2007 ) suggest that the 'Type C' bloom in 2003 originated offshore and remained restricted to the outer edge of the shelf and above the slope, and may have been located beyond the local upwelling front. Siegel et al. (2007) also noted a chlorophyll maximum at ~19 m along 1 of their studied transects, but had no in situ samples verifying the presence of E. huxleyi at this depth. Our results confirm the presence of E. huxleyi Type A* at 17 m and at 50 m, and reveal that these populations are associated with distinct pycnoclines at these depths. Such large numbers of coccolithophores observed at depths in the deeper euphotic zone are beyond the reach of satellites, and therefore coccolithophore calcification and primary productivity in upwelling areas may be strongly underestimated if determined by satellite observations alone.
Environmental controls on Emiliania huxleyi morphotypes
Few studies have identified possible environmental controls (e.g. temperature, salinity, nutrient levels, and seawater carbonate chemistry) on the occurrence and abundance of Emiliania huxleyi morphotypes. Different E. huxleyi morphotypes have been shown to occur across oceanic fronts on a much larger spatial scale than we report here for the Benguela region. In the Australian sector of the Southern Ocean, the distribution of 2 dominant morphotypes (Types A and B/C) appears strongly determined by environmental gradients across the Subtropical and Subantarctic Fronts (Findlay & Giraudeau 2000 , Cubillos et al. 2007 . Similarly, Type A and Type B/C occupied distinct water masses offshore Japan, where they were labeled as, respectively, 'warm-water' and 'cold-water' types (Hagino et al. 2005) . The Benguela system happens to straddle an SST interval where different morphotypes commonly (co-)occur, close to an apparent upper temperature tolerance of ~15°C for Type B/C (Findlay & Giraudeau 2000 , Hagino et al. 2005 . Our study indicates that E. huxleyi morphotypes in the Benguela upwelling region may be dependent on oceanographic conditions as identified by principal component analysis. Type A* had the highest cell concentrations in late-stage upwelling waters (PC1) with relatively balanced nutrient concentrations (PC2) at in situ N:P = 13 to 14, whereas Type B/C was dominant in oceanic surface waters with higher phosphate concentrations and significant nitrogen deficiency (N:P ~8; Table 2 , Fig. 9a ). Coccolithophore blooms are known to drastically affect nutrient concentrations and their balance (e.g. Engel et al. 2005) , and it is important to note that the in situ nutrients and N:P values are not necessarily the same as the nutrient conditions that triggered the occurrence of the sampled coccolithophore populations. Siegel et al. (2007) argued that the bloom of 'Type C' in March 2003 developed in P-limited waters, but that the in situ N:P ratio of the bloom was subsequently drastically lowered to 8.9. However, our data do not lend support to P-limiting conditions under any stage of the upwelling succession sampled along Transects 3 and 5.
Another environmental parameter to consider is light. Irradiance appears to be a central factor in determining the occurrence of Emiliania huxleyi blooms, which rarely occur beyond water depths of 20 m (Zondervan 2007 and references therein) . High turbidity leads to lower irradiance, but Type A* seems to cope very well under these conditions at the chlorophyll maximum at 17 m depth. The occurrence of the same morphotype at 50 m depth, with up to 0.5 × 10 6 cells l −1
, suggest that light is unlikely a limiting factor. However, light levels may drastically affect the calcification to photosynthesis ratio (Balch et al. 1996 , Zondervan 2007 and could thus in part explain variability in coccosphere diameter and coccolith size of the sampled populations ( Fig. 7 ; see discussion below).
Ocean pH is another possible environmental control of coccolithophore morphotypes (Cubillos et al. 2007 , Beaufort et al. 2011 ). Cubillos et al. (2007 demonstrated a shift in 'calcification' types of Emiliania huxleyi in the Southern Ocean and argued that such morphotype replacement could be due to changing carbonate chemistry (ocean acidification). It is well known that upwelling regions also experience strong gradients in dissolved inorganic carbon (DIC) and pH. The upwelling of deep, more corrosive waters with high DIC and low pH (see e.g. datasets for WOCE Section A10 from 1998 and CLIVAR A10-repeat from 2003: Carbon Dioxide Information Analysis Center, http://cdiac.ornl.gov/oceans/woce_ a10.html) and subsequent activity of phytoplankton blooms (uptake of DIC) can lead to highly variable carbonate chemistry of the surface waters (e.g. Astor et al. 2005 , Santana-Casiano et al. 2009 ).
Unfortunately, no in situ measurements of carbonate chemistry or ocean pH were performed during the sampling campaign in October 2000. However, observation of Emiliania huxleyi coccolith morphology indicates that more corrosive conditions may persist in mature upwelling waters. Despite being relatively heavily calcified, E. huxleyi Type A* displays a very consistent gap between the distal shield elements and inner tube elements (Fig. 5a ), some populations showing distal shield elements 'collapsed' onto the proximal shield. Young (1994) interpreted this as a secondary, early dissolution effect, causing the loss of continuity between proximal and distal elements due to the etching of tube elements. We did not observe this type of etching in Type B/C that was the dominant morphotype at non-upwellinginfluenced stations. In an earlier study off Namibia, Giraudeau et al. (1993) described similar morphologies in Gephyrocapsa oceanica and Coccolithus braarudii as coccolith malformation, arguing against secondary dissolution because of carbonate supersaturation at the time of sampling (during upwelling in March 1992, see Fig. 1 ). We also observed similar 'etched' tubes in Gephyrocapsa spp., but not in C. braarudii. Curiously, this feature has only been described in plankton samples (see also Kleijne 1990) , never in coccoliths found in the sediments (where dissolution tends to affect the distal shield elements of E. huxleyi and G. oceanica first).
Culture experiments have shown that different strains of Emiliania huxleyi respond differently to elevated levels of CO 2 and decreased pH in seawater (e.g. Riebesell et al. 2000 , Iglesias-Rodríguez et al. 2008 . Strain-specific calcification and growth rate res pon ses do not appear to be influenced by the morphotype, but are likely genetic in origin (Langer et al. 2009 ). This complexity of genotype-specific res ponses highlights a heterogeneity in physiology and adaptive strategies within the species E. huxleyi. Most laboratory experiments have been conducted to unravel relationships between physiology and individual environmental parameters on single strains. Rodríguez et al. 2006 ) and morphotypes (e.g. Hagino et al. 2005 , Beaufort et al. 2011 , is crucial to provide us with a more detailed understanding of the ecophysiological plasticity within this 'cosmopolitan' species and improve our process-oriented understanding of climatic adaptation by coccolithophores.
Emiliania huxleyi biometry: morphotypes and physiological state
Mean coccolith size has been used to distinguish among Emiliania huxleyi morphotypes (Fig. 6) . Because of significant overlap in overall size ranges between different morphotypes, it is important to record other morphological characteristics, such as degree of calcification of the central area and morphology of distal shield elements.
Sampling through a plankton succession also implies that the phytoplankton populations are sampled at different life stages and thus physiological states. Before, during, and after a bloom, coccolithophores experience exponential growth, stationary growth, and subsequent decay (cell death), which is known to affect coccolith and coccosphere size under controlled growth experiments (e.g. Young & Westbroek 1991 , Båtvik et al. 1997 , Engel et al. 2005 . A change in mean coccolith and coccosphere size within the sampled Benguela populations could thus be due to several reasons: (1) a shift in morphotypes of different size (in our case a shift from smaller Type A* to larger Type B/C), (2) phenotypic plasticity under different environmental conditions (e.g. Type A* populations at Transect 5 versus Transect 3), and/or (3) different growth stage of the same morphotype (e.g. Type A* at chlorophyll maximum versus 50 m depth).
We cannot distinguish between scenarios (2) and (3) without detailed knowledge of in situ growth rates. However, the available data for Type A*, although admittedly representing a borderline sample size (N = 9, excluding populations with old cells), do reveal correlations between intra-type variability in mean coccolith size and upwelling stage (PC1; r = 0.73, p = 0.027) and a range of other parameters (see Table 3 ), including nutrient balance (N:P; r = 0.83, p = 0.006), nitrite (NO 2 ; r = 0.80, p = 0.01), and an inverse relationship to silicate concentrations (SiO 2 ; r = −0.90, p = 0.001). The strong correlation with latitude (r = −0.91, p = 0.001) reflects the size differences between Transects 3 and 5, already highlighted by ANOVA. Statistically significant linear relationships also exist between mean coccosphere diameter of Type A* and turbidity (r = 0.78, p = 0.014), as well as oxygen concentrations (r = 0.72, p = 0.029). Large and heavy coccoliths and coccospheres have also been reported for regions with relatively high fertility in the Marquises Island and in the Peru-Chile upwelling regions (Beaufort et al. 2008) .
We hypothesize that the high cell numbers and large (double-layered) coccospheres of Type A*, at the chlorophyll maximum, may reflect late-stage bloom conditions (late-stage exponential growth or onset of stationary growth), consistent with observations in culture experiments. Young & Westbroek (1991) recorded 'abnormally large' coccoliths of Type A under late stationary growth phase, while Engel et al. (2005) reported on heavier coccoliths (larger and/or thicker) produced during late-stage exponential growth and early post-bloom conditions in mesocosm experiments. On the other hand, populations at 50 m depth along Transect 5 were clear outliers in terms of coccosphere/coccolith proportions (Fig. 6b) , and may be indicative of growth-limiting (perhaps low light) conditions at this depth or even cell shrinkage within a decaying bloom. Pigment content would be expected to decrease as the cells decline and decay, which seems to be corroborated by the low in situ 19'-HF concentrations measured at 50 m depth, as well as other stations containing 'heavily corroded cells' (Table 1, Fig. 10 ). Coccolith production (calcification rate) is significantly less light-dependent than photosynthesis, so that the ), at corresponding stations ratio between these processes (C:P) increases deeper in the euphotic zone (Balch et al. 1992 ), but should again decline when light becomes even more limiting (Zondervan 2007) . Clearly, more data will be needed to better constrain these tentative biometric patterns for various morphotypes, in both culture and field samples, before we can conclude on their physiological implications.
Other coccolithophores
Emiliania huxleyi was not the only prominent coccolithophore in this area. Although not a dominant species at < 3000 cells l −1
, Coccolithus braarudii appears to be a key indicator for the late-stage upwelling waters sampled along Transect 5 (Fig. 9b) . Gephyrocapsa oceanica was a constant contributor to the coccolithophore assemblages, with comparable cell densities at both transects, despite significant differences in nutrient conditions (Fig. 9c) . Syracosphaera spp. were most abundant at Stns 535 and 536 (Transect 3; Fig. 9d ), co-existing with E. huxleyi Type B/C and other coccolithophores. S. epigrosa was also dominant in regions where upwelling and oceanic waters mixed during a period of active upwelling in late June 1993 (Giraudeau & Bailey 1995) . A coccolithophore bloom dominated by S. pulchra (at >10-fold the cell densities observed in this study) was recorded by satellite and in situ verification from end of March to beginning May 2003, following a period of moderate upwelling and associated with warm water (16°C) on the seaward edge of the upwelling front (Weeks et al. 2004) .
CONCLUDING REMARKS
The globally successful Emiliania huxleyi is among the most adaptive species of all modern coccolithophores. One strategy to understand its competitive edge is to consider the regional dynamics of natural populations, which typically encompass multiple genotypes and morphotypes, ready to respond to a range of local environmental conditions and to successively fill the niche of those that 'bust' after blooming. The succession of morphotypes and stark contrasts in cell densities within a small region support such patchy and rapid 'boom and bust' scenarios for E. huxleyi in the Benguela upwelling system and highlight the need to collect and distinguish between a range of field data if we want a better understanding of coccolithophore ecology on a global scale. 
